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The main objectives of this p r o g r a m  a r e  to a t tempt  to deterrr,inc 
the s ize  distribution, morphology, and s t ruc tura l  charac te r i s t ics  of the 
regions of latt ice d isorder  which a r e  produced by bombarding undoped 
and l i thium doped silicon so lar  ce l l s ,  produced f r o m  both float zone 
melted and crucible pulled mater ia l ,  with neutrons.  
The r e s e a r c h  has been ca r r i ed  out ent i re ly  on the electron 
microscope using the techniques of surface replication, e lectron t rans  - 
mission,  and electron diffraction. 
Evidence for  the presence of precipitated metall ic lithium was 
found in  a l l  the doped float zone melted samples  and the re  was some 
indication of a n  oxide precipitate in  the pulled samples .  
Cra t e r  defects which w e r e  thought to be associated with the space 
charge region around vacancy c lus t e r s  were  observed in  all of the samples  
of the i r rad ia ted  float zone mater ia l .  
in  the mos t  heavily doped and i r rad ia ted  crucible  pulled material. It was 
concluded that the presence of oxygen in the pulled mater ia l  may  be a n  
efficient trap which prevents the formation of the large defect c lus te rs .  
Similar  defects were  only observed 
The c r a t e r  defect density was found to i nc rease  with increasing 
i r radiat ion dose and increasing l i thium content, how?ver, the defect s ize  
was found to decrease  with increasing dose and increasing lithiurn. 
The c r a t e r  defects were  found to  be stable a t  tempera tures  between 
300@ and 900'K. 
samples  which were  i r rad ia ted  a t  the lowest doses .  
no annealing was found until a tempera ture  of 1200'K was  reached. 
Significant annealing was found only in  the undoped 
In the pulled mater ia l ,  
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1. INTRODUCTION 
1. 1. Resea rch  P r o g r a m  
The purpose of this r e s e a r c h  p rogram was to determine the effects 
of neutron i r radiat ion on the s t ruc tura l  character is t ics  of undoped and 
lithium doped silicon so lar  cells.  The main objectives of the p rogram 
were to attempt to determine the s ize ,  distribution, morphology and 
general  s t ruc tura l  character is t ics  of the regions of lattice disorder  
produced in P / N  silicon so la r  cel ls  by bombardment with mono-energetic 
neutrons having energies of about 14.7 MeV. 
The occurrence of the damage produced by the neutron bombard- 
ment was studied as a function of a number of experimental  var iables ,  
including method of silicon c rys t a l  growth, lithium doping level, and 
the i r radiat ion dose. Also, annealing experiments were  ca r r i ed  out on 
the samples  a f te r  i r radiat ion to determine whether o r  not there  was any 
change in  morphology or distribution of the defects with increased  temper-  
a ture  * 
The experimental  investigation was c a r r i e d  oat entirely by electron 
microscopy. Two main experimental  techniques were used: (1) surface 
replication, and (2 )  thin-film transmission electron microscopy. Addi- 
tional studies were ca r r i ed  out on the thin-film samples using the tech- 
nique of selected a r e a  electron diffraction analysis.  
The samples  were i r rad ia ted  with mono-energetic neutrons i n  a 
Cockroft- Walton neutron generator .  
1 . 2 .  Li terature  Survey 
It is now generally accepted that a localized cluster  of latt ice defects 
may be produced by a recoi l  f r o m  a single collison between a n  energetic 
neutron and a n  a tom in  the latt ice (1-5)- 
the cluster  of defects when i t s  energy i s  below the threshold required to 
produce ionization. 
latt ice disorder  (or  generating a "thermal spike"), 
The recoi l  i s  thought to produce 
The energy of the recoil  is dissipated by creating 
Rapid quenching of 
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the "spike" 
the neighborhood. 
should f r eeze  a la rge  concentration of latt ice defects i n  
In cer ta in  cases  the charac te r i s t ics  of the disordered regions 
might differ quite strikingly f r o m  the surrounding undisturbed mater ia l .  
F o r  example, the asymptotic s ta te  of i r rad ia ted  germanium is p-type, 
while the asymtot ic  state of i r rad ia ted  sil icon is compensated intr insic .  
Hence, disordered regions in  n-type germanium should be p-ty-pe, while 
those i n  extr insic  si l icon should be intr insic .  If this i s  the case  then, 
one could expect that  the d isordered  regions would be surrounded by 
potential wells of sufficient depth as to noticeably influence the bulk 
e lec t r ica l  p roper t ies  of the mater ia l .  Until recently,  the behavior of 
i r rad ia ted  semiconductors has been interpreted on the bas i s  of isolated 
F renke l  defects in  t e r m s  of the model by James  and Lark-Horovitz,  ( 6 ), 
However, Gossick ( 7 ) and Crawford and Cleland ( 8 ) have proposed a 
model of d i sordered  regions more  applicable to  neutron i r rad ia ted  
semiconductors which predicts  the existence of regions of highly local- 
ized damage. Thei r  model f o r  a hypothetical region of la t t ice  d isorder  
is descr ibed a s  follows. 
order  is considered to be intr insic .  
shape of the region may be i r r egu la r ,  it is a s sumed  to be spherical .  
The concentration of defects is considered to  change abruptly at the 
boundary between the disturbed region and the undisturbed matrix. 
Surrounding a d isordered  region is a potential well, which a r i s e s  be- 
cause the position of the Fermi level re la t ive to  the energy bands i s  
different within the disordered region compared to the outside. Crawford 
and Cleland have suggested that a d isordered  region would contain f r o m  
lo5  to  l o 6  a toms,  which distributed in  a spher ica l  region, would give a 
radius  of 150 to 200 i. Beyond the radius of the disturbed region, a 
space charge-region (junction) is created,  the dimensions of which 
would depend upon the c a r r i e r  concentration of the unirradiated mater ia l .  
F o r  p-type sil icon this is predicted to be of the order  of 2000 to 2500 i 
in  diameter .  
In extr insic  p-type sil icon the region of dis-  
Although in  real i ty  the actual  
-3- 
Subsequently, experimental  mea  s u r  ements of e lec t r ica l  propert ies  
by Closser  ( 9  ) and Stein ( 10) have provided d i rec t  evidence for  the exis9- 
ence of the damaged regions as predicted by the theoret ical  models of 
Gossick and Crawford and Cleland. In the above experiments  the de- 
c r e a s e  in  e lec t r ica l  conductivity of si l icon was used as a measu re  of 
the c a r r i e r  removal  as  a resu l t  of neutron i r radiat ion,  and the c a r r i e r  
concentration was obtained f r o m  Hall coefficient measurements .  Fu r the r  
e lec t r ica l  property studies by Stein (11) have shown that neutron irra- 
diation at  76'K produces light sensit ive defects a t  a ra te  that is inde- 
pendent of the concentration of c rys t a l  impuri t ies .  
that these defects,  which were  produced in  n-type silicon, were  vacancy- 
liberating c lus te rs .  
as regions of high resis t ivi ty  surrounded by a space-charge region. Such 
a combination of defects and space-charge regions could be regarded  a s  
insulators  in  a n  otherwise conducting medium. The light sensit ivity of 
the e lec t r ica l  conductivity of the i r rad ia ted  silicon is believed to r e su l t  
f r o m  minority c a r r i e r  trapping, within the c lus te r -space-charge  regions,  
which effectively reduces the insulating volume. Mvre recently,  Stein (12)  
has shown that the behavior of defects produced in  p-type sil icon by neutron 
i r radiat ion a t  76°K was independent of the method of c rys t a l  growth. He 
a l so  found that annealing the samples  produced seve ra l  diffuse s tages  of 
recovery between 150 and 550°K, with the l a rges t  stage between 150 and 
240'K. 
It was concluded 
The neutron induced defects were thus regarded  
To  date very  l i t t le work has been c a r r i e d  out  to determine the exact 
s t ruc tura l  nature of the regions of latt ice d isorder  c rea ted  by i r radiat ion.  
Fujita and Gonser (13) have attempted t o  determine the s ize  of the 
damaged regions in i r rad ia ted  germanium using a n  X-ray diffraction 
technique, but this technique did not provide any useful information 
about the distribution or  morphology of the defects present.  
recently,  however, there  have been severa l  a t tempts  to observe the 
damaged regions in  neutron i r rad ia ted  germanium and sil icon semi-  
conductors more  directly using the technique of electron microscopy. 
More 
4- 
The f i r s t  d i rec t  observation of defect c lus t e r s  was made by 
Pa r sons ,  Balluffi and  Koehler (14) in  thin films of germanium using 
t ransmiss ion  electron microscopy. The number of defect regions 
which they observed was in  good agreement  with their  theoret ical  
es t imates  f r o m  e lec t r ica l  property measurements  and a mean defect 
.. diameter  of 53 was measured .  Hemment and Gunnersen (15) have 
attempted to pe r fo rm similar t ransmiss ion  electron microscopy on 
n-type sil icon samples  which were  i r rad ia ted  with fast neutrons with 
integrated doses ranging f r o m  5 x 10l6 to  lo1’ neut rons /cm” but they 
were  unable to  observe any defects.  
may have been due to the difficulty which they experienced in  preparing 
good thin foils f o r  their  t ransmiss ion  work. More recently,  however, 
Pankratz ,  Sprague and Rudee (16)  have successfully observed defect 
c lus te rs  in  neutron i r rad ia ted  sil icon by t ransmiss ion  electron microscopy. 
They found that the mean defect image s ize  was dependent on the impuri ty  
content and on the annealing t rea tment ,  ranging f r o m  a maximum of about 
40 1 in  the as i r rad ia ted  ma te r i a l  to 22 in  the annealed mater ia l .  Also  
it was found that the defect density was proportional to the i r radiat ion dose.  
Their inability to resolve defects 
An alternative method f o r  observing defects in germanium and 
silicon semiconductors,  which was t r ied  unsuccessfully by Chang (17) 
and Noggle and Stiegler (18), and la te r  perfected by Bertolott i  and his 
co-worker s (19, 209‘21,22) consis ts  of i r radiat ing the semiconductor with 
f a s t  neutrons,  etching with suitable chemicals and then constructing a 
replica of the surface for  observation in  the electron microscope. 
’. 
Bertolott i  and his co-workers  have i r rad ia ted  sil icon samples  
with 14 MeV neutrons produced by a Van de Graaff acce lera tor  to a 
fluence of 6 x 101”/cm2, 
the i r rad ia ted  samples  c r a t e r s  were  produced, the dimensions of which 
were  found to compare with the dimensions of the space-charge regions 
a s  calculated according to the theory of Gossick ( 7  ) and Crawford and 
Cleland ( 8 ) *  Within the c r a t e r s  a sma l l  well defined region could also 
They found that upon etching the surface of 
-5 - 
be observed which compared favorably with the theoret ical  es t imates  
for  the s ize  of the damaged region in  the latt ice.  
The observations by Bertolott i  e t  al. s e e m  to a g r e e  well  with 
the pi c ture  proposed by Gossick of the creation of highly localized 
defect c lus t e r s  i n  neutron i r rad ia ted  semiconductors,  and with the exis-  
tence of a junction or  space-charge region between the defect c luster  
and the undamaged matrix. 
The work undertaken in  the present  contract  was designed to  
extend this ea r l i e r  work specifically to t r y  to determine the t r u e  
s t ruc tura l  nature  of the damaged regions,  to study the effects of annealing 
these regions,  and  to  study the effects of 1ithi.um doping on them. 
It was decided to use neutrons a s  the i r radiat ing par t ic les  since 
(1) damage effects of charge a r e  absent  leading to possibly s impler  
interpretat ion of the data, (2 )  the momentum of the par t ic le  can be eas i ly  
controlled by means of a n  available source,  and (3)the momentum damage 
produced by neutrons shocild be direct ly  comparable to that produced by 
protons of similar energies .  
to contribute to the understanding and  possible solution of the problem of 
damage caused to si l icon so lar  cel ls  by high momentum part ic les .  
Thus the work undertakcn here  was designed 
2. EXPERIMENTAL TECHNIQUE - 
2 . 1  a Material  
The experimental  work descr ibed i n  this r epor t  was c a r r i e d  out 
entirely on commerc ia l  lithium doped sil icon so lar  cel ls  obtained f r o m  
Heliotek, a division of Textron Incorporated.  Cells were produced 
f r o m  two types of s tar t ing mater ia l :  float zone refined single c rys ta l s  
of phosphorous doped n-type sil icon cut t o  give (110) c rys t a l  s l i ce s ,  and 
pulled single c rys ta l s  of n-type sil icon cut to give (100) c rys t a l  s l ices .  
Boron was then diffused into the s l ice  t o  give a junction depth of 0 . 5  micron ,  
Lithium was then diffused in  using the "paint on" technique, to  produce 
four types of cel ls ,  according to the following schedule: (a) no lithium 
\ -6- 
diffusion, (b) 1 x 1015 lithium a toms/cm3 - diffusion for  5 minutes 
and redistributed 120 minutes a t  350'6, ( c )  1 x 10l6 lithium atorns/crn3- 
diffused 5 minutes and redistributed 60  minutes at  425'C, and 
(d) 1 x 
60 minutes a t  425'C. 
lithium a toms/cm3 - diffused 90 minutes and redistributed 
2 . 2  Neutron Irradiat ion 
Samples of the undoped and lithium doped so lar  cel ls  were 
i r radiated with neutrons produced by a Cockrsft-Welton generator ,  to  
The doses of approximately lo1', l o l l ,  10l2 and l O l 3  neutrons/cm2. 
neutrons were produced by bombarding a tritium target  with deuterium 
gas molecules. This source of neutrons i s  highly mono -energetic and 
produces neutrons with energies of approximately 14.7 MeV. 
samples were  i r rad ia ted  a t  room temperature,  the dose being controlled 
by varying the distance of the sample f r o m  the target.  
of each sample was measured by placing a thin copper foil of known 
weight behind each of the cel ls  and af te r  i r radiat ion monitoring the 
decay of the Cu"" isotope, which has a half-life of 9 . 9  minutes. 
The 
The relative dose 
After i r radiat ion the samples were  sectioned by means of a 
diamond saw for  examination by sur face  replication and t ransmission 
electron microscopy. 
2 ,  3 Specimen Preparat ion for  Surface Replication 
The surface of the solar  cel ls  was prepared  for  replication by 
mechanically grinding and polishing and then by etching with CP4A 
etchant (15  cc acet ic  acid,  25 cc ni t r ic  acid,  and 15 cc  hydroflouric 
acid).  
a thin layer  of carbon onto i t .  
and to aid in i t s  removal from the surface,  an  additional layer  of 
chromium metal  was deposited by evaporation. 
A replica was then made of the etched surface by evaporating 
To  add mechanical strength to the carbon 
The replica was then 
removed f r o m  the surface by means of mylar  tape which was sub- 
sequently removed by dissolving in acetone. 
observed by t ransmission electron microscopy a t  an accelerating voltage 
of 75 KV,  
The replica was then 
r 
-7- 
2 . 4  Specimen Preparat ion for  Thin Foil  Electron Microscopy 
Small  samples  of approximately 1 mm2 in s ize  were  cut f rom the so la r  
cel ls  and chemically thinned to about 0. 1 mm in  a solution consisting of 9 pa r t s  
ni t r ic  ac id  and 1 p a r t  hydroflouric acid.  
sample was placed in  a plast ic  holder which had a smal l  hole in  the center ,  
and the polishing was continued until a sma l l  dimple was produced in  the 
surface of the sample.  The outer edges of the sample were then painted 
with a n  enamel paint and the chemical  polishing was resumed. 
surface of the specimen was observed through a binocular microscope.  
A light source  was used to illuminate the back side of the specimen and 
polishing was continued until yellow colored light could be observed 
through the specimen. 
5000 thick. Additional polishing beyond this stage resulted in  complete 
perforation and the thinned down section rapidly rounded off leaving the 
section too thick to  be observed by t ransmiss ion  electron microscopy. 
After thinning to  the yellow light s tage,  the specimen was washed using 
a sequence of cleaning agents (disti l led water ,  acetone, dist i l led water ,  
and finally methanol). 
After chemical polishing the 
The upper 
At this stage the specimen was approximately 
Initially some difficulty was experienced in  observing the samples  
by t ransmiss ion  electron microscopy due to charge build-up on the 
surface of the specimen a s  soon L S  the electron beam hi t  i t .  
found, however, that i f  the specimen was sandwiched between two copper 
gr ids  then the charge could be  adequately grounded and a much improved 
image was produced. 
It was 
2 . 5  The rma l  Annealing Experi,ments 
In o rde r  to study the recovery of the neutron i r radiat ion induced 
defect s t ruc ture ,  samples  were annealed at  tempera tures  of 293', 593', 
700°, 900' and 1200'K. After annealing the samples  were  examined by 
t ransmiss ion  electron microscopy and surface replication a s  described 
in  Sections 2 . 3  and 2 . 4 .  F o r  t ransmiss ion  electron microscopy two 
\ -8 - 
annealing techniques w e r e  used. In the  first technique the sample was 
prepared as a thin foil  and annealed in  the electron microscope using a 
hot stage specimen holdel.. In this method the specimen was heated by 
conduction f r o m  a small res i s tance  hea ter  wound around the specimen 
holder. In the second technique sma l l  samples  of the so l a r  ce l l  (about 
1 mm2) were  annealed in  bulk f o r m  i n  a vacuum furnace 
annealing t ime of 10 minutes at tempera ture  was used for  a l l  experiments.  
t o r r ) .  An 
3. RESULTS AND DISCUSSION 
3. 1 The Float  Zone Melted Solar C e l l  Mater ia l  
3. 1. 1 Neutron Irradiat ion Damage and the Effect of Lithium Doping 
A thin film electron t ransmiss ion  picture  of the unirradiated so la r  
ce l l  ma te r i a l  without lithium doping is shown in F igure  1 . There  is no 
significant detail to be observed in  this picture ,  except fo r  the broad 
diffraction contour l ines typical of a thin f la t  specimen without secondary 
s t ruc ture .  No dislocation l ines a r e  visible in  this field of view. A selected 
a r e a  diffraction pat tern taken of this f ield is shown in F igure  2(a) .  
interpretat ion oi  this diffraction pat tern is shown in  Figure 2(b). 
pat tern can be indexed a s  diamond cubic with a [ l i O ]  zone axis .  
An 
The 
Figure  3 shows a n  electron t ransmiss ion  picture obtained f r o m  a 
thin foil of the unirradiated so la r  ce l l  ma te r i a l  doped -Ath 1017 l i thium 
atoms pe r  cm3. 
spots o r  precipi ta tes  distributed fa i r ly  homogeneously throughout the whole 
field of view. 
a s  that in  F igure  3 
diffraction pat tern is given in  F igure  4(bL 
spots can be observed which cannot be indexed with the diamond cubic 
s t rua ture  of the si l icon matr ix .  They can, however, be indexed a s  body- 
centered-cubic. 
diffraction spots and assuming a value fo r  the latt ice parameter  of the 
matr ix ,  i t  was found that the latt ice parameter  of the body-centered cubic 
s t ruc ture  is  approximately 3.45 A .  
The s t ruc ture  here  appears  to contain many sma l l  dark  
A selected a r e a  diffraction pat tern taken f r o m  a n  a r e a  such 
is shown in F igure  4 (a ) .  An interpretat ion of this 
A number of weaker diffraction 
By comparing the radius ra t ios  of the selected a r e a  
0 
This value ag rees  well with that for  
-9- 
Figure  1. Transmiss ion  electron micrograph of a n  undoped unirradiated 
so la r  cell ,  
-10- 
Figure  2(a). Electron diffraction pat tern taken f r o m  a n  a r e a  s imi l a r  to that 
shown in  F igure  1. 
F igure  2(b). Interpretation of the diffraction pat tern shown in F igure  2(a). 
-If- 
Figure 3. Transmiss ion  electron micrograph of a n  unirradiated so la r  cell 
which was doped with l O I 7  lithium atoms/crn3. 
-12- 
Figure  4(a) .  Electron diffraction pat tern taken f r o m  a n  a r e a  such as that 
shown i n  F igure  3 ,  
Figure 4(b). Interpretation of the diffraction pattern shown in Figure 4 (a).  
-13- 
the latt ice parameter  of lithium. It appears  probable, therefore,  that 
the dark  spots observed in  the lithium doped cells a r e  due to excess  
l i th ium precipitated out of solution in  the silicon matrix.  
f r o m  Figure4(b)  that there  appears  to  be some indication of an  orientation 
relationship between the precipitate and the matrix. F o r  example, the 
It can be seen 
( l i 0 )  planes of the precipitate par t ic les  a r e  a lmost  paral le l  (within about 5') 
to the ( 1  10) planes of the matrix.  
for  the electron diffraction was approximately five microns square.  F r o m  
such a diffraction pattern i t  is not possible t o  measure  the density of the 
precipitates which give r i s e  t o  the additional diffraction spots. 
vations s imi la r  to those described above wcre observed in a l l  of the lithium 
doped samples .  It would appear ,  therefore ,  that the usual technique used 
to measu re  the lithium concentratic)n, i. e. e lectr ical  resist ivity measure-  
ments,  i s  not particularly accurate  when the solubility l imit  of the ma t r ix  
i s  exceeded, a s  appcars  to havc hr,(.n the case with the present  batch of 
samples.  
The effective macroscopic cross-sect ion 
Obser- 
Figure 5 shows a picture obfained i n  the electron microscope of a 
sur face  replica taken f r o m  the etched surface of a n  unirradiated sample 
which contained no  lithium. This photograph shows a finely etched uni- 
f o r m  s t ruc ture  without any significan+ features .  
F i g u r e  6 shows a surface r2plic a f rom a sample which was undoped 
but i r radiated with 10'l neutrons /cm-.  
example of the appearance of thc --.I-c-h,-d surfaces  of the samples a f te r  
neutron irradiatiqn. 
on which many c r a t e r  like depressions can be observed. F igure  7 shows 
a typical micrograph obtained from a replica of the lithium doped and 
i r radiated mater ia l .  Here, although the surface preparation was the same,  
the background s t ructure  is a l j t f lc  1 1  ' ) Y F  i r r egu la r  and numerous sma l l  
pits can be o b s e r w d .  a s  well a s  f h , .  crafrrs. 
appearance of the doped and undopcrl mater ia l  could be related to the 
presence of lithium which possibly modifies the etching character is t ics  
slightly . 
This photograph is a typical 
The a r e a  s h ~ v s  z lincly etched background s t ructure  
The difference in the 
Figure  5. Surface replica of a n  undoped and unirradiated so la r  cel l .  
F igure  6.  Surface replica of a n  undoped so la r  ce l l  i r rad ia ted  with lo1’ 
neutrons /ern", 
-15- 
Figure 7. Surface replica of a so la r  ce l l  doped with 1017 lithium a toms/cm3 
and i r rad ia ted  with 1 O I 2  neutrons /cm2. 
F igure  8. Electron t ransmiss ion  micrograph  of a n  undoped 
i r rad ia ted  with 10l2 neut rons /cm2,  
so la r  ce l l  
-3.6- 
F i g u r e  8 shows a n  electron t ransmission picture obtained by 
chemically thinning a sample cut f r o m  one of the undoped cells which 
was i r radiated to a dose of 1OI2 neutrons/cm2. In this f ie ld  of view 
the dark c i r cu la r  areas appear  to correspond to the c r a t e r s  which a r e  
revealed by the surface replication technique. 
images a re  actually produced by cra te r ing  of the surface of the thin 
t ransmiss ion  specimen, which would then give r i s e  to a difference in 
the thickness of the specimen in this region, and hence, produce a 
different electron intensity in  t ransmission.  It i s  not c lear ,  a t  the present  
t ime, what the background s t ruc ture  represents .  
tr iangular shaped images,  and could possibly be due to  stacking faults.  
It is possible that these 
It appears  to consist of 
According to the Gossick theory, the dimensions of the c r a t e r s  
revealed by the above techniques actually correspond to the s ize  of the 
space-charge region which surrounds a c luster  of latt ice defects formed 
during the irradiation. 
to the total number of defects produced a t  a particular i r radiat ion dose. 
Therefore the density of the c r a t e r s  should relate  
The average density and diameter  of the c r a t e r s  were  measured  
a s  a function of the dose and amount of dopant. 
obtained from measurements  made upon six different a r e a s  of replicated 
surface.  These a r e a s  were chosen a t  random in the electron microscope. 
Generally i t  was observed that in the undoped mater ia l ,  a s  can be seen 
f r o m  F i g u r e  6, the i r radiat ion damage appeared t o  be uniformly 
distributed throughout the specimen. However, this was found to be 
l e s s  s o  i n  the lithium doped and i r radiated mater ia l .  
possibly be associated with the distribution and presence of lithium 
precipitates in the doped specimens e 
The average values were 
This could 
Values of the average density and diameter of the c ra t e r  defects 
I for  the various irradiation doses and doping a r e  presented i n  Table 
concentrations. 
and 1 0 ,  respectively, The experimental  e r r o r  for  the c r a t e r  diameter  
measurements  was approximately 570~ 
These resul ts  a r e  presented graphically in F igures  9 
The spread  of values about the 
-17- 
1 ol' 
1 oi3 
10l2 
Pul led 
1 oi7 1013 
TABLE I, 
Effect of Neutron Irradiat ion and Li thium Doping Level  on Defect Density 
and  Defect Size a t  300'K 
7 . 7  i o 7  2.4 i o 3  
7 . 8  x l o 8  1 .5  i o 3  
1 .5  x l o 8  1 . 6  x l o 3  
1 . 7 5  x loa  1 . 7  i o 3  
1 0l6 1 O1O 
1 0l1 
1 oI2 
ioL3 
2 . 0  i o 7  
2 . 7  i o 7  
4 . 2  x l o 7  
1 . 1  x l o 8  
7 .5  i o 3  
7 .2  io3  
3. o io3  
1 . 5  x IO" 
i -18 - 
0 
Figure 9. Average defect density a s  a function of irradiation dose and 
lithium doping. 
-19- 
Figure 10. Average defect diameter as a function of neutron dose and 
lithium doping, 
\ -2 Q- 
average  c r a t e r  density, fo r  a given dose and doping level  was found 
to be about 25%. 
F r o m  F igure  9 it can be seen  that the defect density inc reases  
with increasing i r radiat ion dose,  and fur thermore ,  the defect density 
is higher in specimens which contain g r e a t e r  amounts of lithium. .On 
the other  hand, however, f r o m  F igure  10 i t  can be seen  that the average 
defect d iameter  dec reases  with increasing dose and increasing lithium. 
Comparing F igu res  9 and 10 it would s e e m  that a t  a constant dose,  
t he re  appears  t o  be a balance between the defect density and the defect 
d iameter .  
volume is  relatively constant. However , the presence of lithium provides 
more  nucleation s i tes  for  the defect c lus te rs  to fo rm,  and a s  a resu l t ,  the 
defect diameter  i s  sma l l e r .  
This tends to  suggest that  for  a given dose the total  defect 
Under comparable  i r radiat ion conditions (14 MeV neutrons at a dose 
of 1012/cm2), the present  resu l t s  a g r e e  well  with those obtained by 
Bertolott i  e t  a1  (22) on pure silicon. 
culations of B3rtolotti et a1 (21) the damage region ir the si l icon latt ice 
should be of the o r d e r  cf about 500A in  diameter  to  give rise to a space-  
According t o  the theoret ical  cal-  
0 
charge region of the order  of 2000-2500 
of the present  studies,  d i r e c t  observation by t ransmiss ion  electron 
microscopy has failed to revea l  the presence of such la rge  darnage regions.  
However, the purity of the s tar t ing ma te r i a l  may be of considerable im- 
portance he re  as well as the energy and dose of the i r radiat ion.  
example,  Hemment and Gunnersen (15) were  unable to observe any defects 
in neutron i r rad ia ted  n-type sil icon by t ransmiss ion  electron microscopy, 
however, their  material was of v e r y  high resis t ivi ty  ( 0 -  1300 g-cm), 
which probably indicates that i t  was ve ry  impure .  Therefore ,  defects 
formed during i r radiat ion would mos t  likely become trapped by the 
impuri t ies  and would not f o r m  large c lus te rs ,  More recently,  Magee 
and Mor r i s s  (23 )  have studied neutron i r rad ia ted  silicon by t ransmiss ion  
electron microscopy and have observed defect c lus te rs  approximately 22  A 
in d iameter .  With the exception 
F o r  
0 
I 
in diameter:  
by Pankratz,  Sprague and Rudee (16). 
a l so  observed some l a rge r  defect c lus te rs  with diameters  above 100 w 
which they concluded were related to closely spaced individual c lusters .  
It does not s e e m  to be unreasonable, therefore,  that with higher energy 
This resu l t  ag rees  well with the defect diameters  observed 
However, Magee and Mor r i s s  (23 )  
i r radiat ion and with grea te r  doses the defect c lusters  could become much 
grea te r  than 100 A in  diameter and give r i s e  to the spacechargephenomenon. 
0 
3. 1. 2 Annealing Experiments on Float Zone Mater ia l  
Within the experimental e r r o r  of the average defect density and 
diameter  measurements  i t  was found that no annealing occurred in the 
temperature  range 300'K to ?OO'K, with the exception of those specimens 
which were  undoped and which were i r radiated a t  the two lowest doses ,  i. e. 
lo1' and lo1' neutrons /cm2, respectively. Although these two batches 
showed no annealing at  temperatures  of 500'K and 700'K, t he re  appeared 
to have been some annealing a t  900'K. 
some of the specimens a t  a higher temperature  (1200'K). 
permi t  annealing a l l  of the i r radiated and doped sawples  to higher temper-  
a ture ,  s o  a representative sample was chosen; namely, those samples 
containing no lithium irradiated at does of lo1' and 1013 neutrons/cm2 
and those samples containing l C L 7  lithium a toms/cm3 irradiated a t  10l1 
and 1 Oi3 neutrons /cm2. 
It was decided, therefore,  to anneal 
Time did not 
The resul ts  of these annealing experiments a r e  presented in Table 2 ,  
and a r e  shown graphically in F i g u r e s  11 and 12, respectively. 
seen that those samples which had been i r radiated a t  a high dose or  those 
which contained the largest  amounts of lithium suffered no annealing 
It can be 
either byway of changes in the defect density or  by way of changes in defect 
diameter .  
lowest dose of 10" neutrons /cm2 showed considerable annealing a t  
temperatures  of 900'K and 1200'K. 
in the defect density and in a decrease in the defect diameter with an  
increase  in the annealing temperature .  
However, those which were  undoped and i r radiated a t  the 
This is reflected in both an  increase 
It would appear f r o m  &hese resu l t s ,  
-22 - 
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: I  
TABLE 2 
Effect of Annealing Temperature  on Defect Density and Defect Size 
I Temperature  Dose @ 
(n/cm3 
1 o 1 O  
1 oi3 
l o l l  
1 013 
Lithium 
(atoms/cm3 ) 
0 
0 
1 oi7 
1 oi7 
Average Density 
(# /cm2)  
6 . 5  x IO6 
6 . 8  x l o 6  
9.4 x l o 6  
5 . 5  i o 7  
9.2 io7  
5 .4  i o 7  
4 .9  x l o7  
5 . 0  x lo7  
5.5.  i o 7  
7 .7  io7  
7.5 i o 7  
7 .2  x lor 
6 . 6  x IO7 
7 . 8  x l o8  
7 . 5  x lo8  
7 . 5  x lo8  
7 . 5  x l o 8  
5.2 x lo8  
Average Sizc 
- ( A )  
1 . 5  i o 4  
1.42 i o 4  
1 .1  i o 4  
3 .2  i o 3  
3 .6  x l o 3  
3 . 5  i o3  
3.4  i o 3  
3 .8  i o 3  
3.6  x l o 3  
2 . 4  io3  
2 .2  i o 3  
2 . 5  io3  
2. 8 x l o 3  
1 .2  i o3  
1.0 i o3  
1.2 io3  
1.1 i o 3  
1. 8 x l o 3  
i -23- 
Figure If. Effect of annealing on defect density. 
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Figure 12. Effect of annealing on defect diameter. 
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therefore ,  that the defect s t ruc tu re  which is formed during the i r rad ia t ion  
a t  room temperature  of e i ther  the undoped o r  doped mater ia l ,  a t  the hi-ghest 
doses , represents  the most  s table  defect s ize .  Upon annealing, the large 
defect c lus t e r s  formed at  the low doses  in  the undoped mater ia l  s e e m  to 
have a tendency to  collapse to f o r m  s m a l l  defects a t  a higher density.  
The resu l t s  of the annealing experiments car r ied  out in the present  
work appear  to be significantly different f r o m  those observed previously, 
f r o m  the recovery of e lec t r ica l  propert ies  i n  neutron i r rad ia ted  silicon, 
by Stein (24) and Passenheim and Naber (25). 
neutron damage at 293'K by the degradation of the minority - c a r r i e r  life- 
t ime.  
temperature  range f r o m  330'to 500'K. 
c a r r i e d  out similar minori ty-carr ier  l ifetime measurements  on lithium 
doped sil icon, found near ly  complete recovery a t  about 380'K. 
it is  not possible to co r re l a t e  direct ly  the present  resu l t s  with those of 
Stein and Passenheim and Naber for  the following reasons.  
t imes for  the present  experiments were  mcch  shor t e r ,  10 minutes as  
compared to 30 minutes to 1 hour; the neutron energies were  higher in  
the present  experiments, being 14 MeV as  c c z p a r e d  to about 1 MeV for  
reactor  generated neutrons; and the neutroLi dose was considerably higher ,  
Stein (24) measured  the 
On annealing the observed damage recovery  to occur over a broad 
Passenheim and Naber ( 2 5 ) ,  who 
However, 
The annealing 
maximum in the Stein and 10" to lOI3 neutrons/cm compared with lo i"  
Passenheim and Naber experiments.  In t!ie present  experiments a large 
decrease  in  the defect diameter  and a n  incrTase in  the defect density was 
observed; in  the undoped mater ia l  i r rad ia ted  a t  the lowest dose of 10" 
neutrons/cm",  a t  a tempera ture  of about 700'K. If the annealing t ime 
had been longer it  is  possib1.e that this  recovzry could have been completed 
a t  a temperature  c loser  to 500CK, and therefore the resu l t s  
reasonably well with those observed by Stein (24).  
2 
would agree  
It i s  not c lear  f r o m  the present  resu l t s  what role  lithium plays i n  
A t  the high tempera ture  the nucleatian and stabilization of the defects. 
used i n  the annealing exper iments  it is  unlikely that  the lithium would 
, -26- 
remain in the bulk- 
temperature  the neutron i r radiat ion produced defects a r e  trapped a t  
However, i t  is possible that a t  the i r radiat ion 
precipitated metall ic lithium and f o r m  stable c lusters .  
annealing of the cluster ,  once it has reached a stable configuration or  
cr i t ical  s ize ,  could be independent of the presence of the lithium. 
the mobility of the lithium a t  the higher annealing temperature  would not 
necessar i ly  influence the annealing kinetics of the defect c luster .  
The subsequent 
Hence, 
3 .  2 The Crucible Pulled Solar Cell Mater ia l  
3 . 2 .  1 Neutron Irradiation and the Effect of Lithium Doping 
A thin film electron t ransmission photomicrograph of the undoped 
pulled solar cel l  mater ia l  is shown in Figure 13. The s t ructure  contains 
many dark spots which appear  to be precipitates,  possibly some f o r m  of 
oxide. 
a r e a  such as  that shown in  F igure  13. 
fraction spots which one would expect f r o m  a (100) c rys ta l  sl ice.  
in the original photographic plate a number of additional but weaker spots 
could be resolvLd, which could not be indexed with that of the amatrix. It 
seems highly probable that these additional diffraction spots a r e  associated 
with the prezipitates which were  observed in the t ransmission picture.  
However, it was not possible t o  accurately index these spots and fur ther  
identification of their  origin is impossible using the present  technique. 
interpretation of the diffraction patternl showing the positions of the uni- 
dentified diffraction spots,  i s  shown in  F igure  14(b). 
was obtained fo r  the doped samples;  however, in  this case ,  unlike the 
float zone refined mater ia l ,  there  was no d i rec t  indication that lithium 
was associated with the precipitates observed in the undoped mater ia l .  
The additional spots in this instance could not be indexed a s  belonging to  
the body-centered cubic s t ruc ture .  
Figure 14(a) shows a selected a r e a  diffraction pattern taken of an  
The diffraction pattern shows dif- 
However, 
An 
A similar  pattern 
F igure  15 shows a photomicrograph of a surface replica taken f r o m  
a doped, but unirradiated,  pulled specimen. Although circular  type 
objects can be observed here ,  they a r e  not typical of the c ra t e r s  produced 
-27- 
Figure 13. Transmiss ion  electron photomicrograph of the as - rece ived  
crucible pulled solar  cel l  mater ia l .  
-2 8- 
Figure 14(a). Selected a r e a  diffraction pa t te rn  of the as - rece ived  
crucible pulled mater ia l ,  
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Figure  14(b) Interpretation of selected a r e a  diffraction pat tern shown 
in F igure  14(a). 
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Figure 15. Surface replica of the unirradiated crucible pulled mater ia l .  
Figure 16. Surface replica of the doped lithium a toms /cm3)  and 
i r rad ia ted  ( 1013 n / c m ” )  crucible pulled mater ia l ,  
\ -30- 
by i r radiat ion 'damage as were observed in  the float zone mater ia l .  This 
s t ruc ture  appears  to be  m o r e  representat ive of the type of damage which 
is produced by the evolution of gas bubbles during etching of the surface.  
It is  possible that vigorous etching occurred  in  the region of the precipitates 
revealed i n  the t ransmiss ion  electron photomicrographs. 
The surface at tack shown i n  F igure  15 w a s  observed in a l l  
the samples  examined with the exception of those samples  containing 
lo1? lithium atoms/crn3, which were  heavily i r radiated.  In this case ,  
as can be seen in  F igure  16, the sur face  replica shows a s t ruc ture  which 
contains c r a t e r  l ike defects the same  as those observed in  the float zone 
i r rad ia ted  mater ia l .  
It is not c lear  a t  the present  t ime why the c r a t e r  type defects a r e  
not vi sible a t  the lower doping levels in  the i r rad ia ted  condition. 
probable, however, that in this ma te r i a l  dissolved oxygen ac t s  as a ve ry  
efficient trapping center  f o r  i r rad ia t ion  induced defects,  thus preventing 
large defect c lus te r ,  such a s  those revealed by the c r$ te rs ,  f r o m  forming. 
At high l i thium Loncentrations i t  is possible that mos t  of the osygen 
combines with lithium and is precipitated out of solution a s  lithium oxide, 
therefore  reducing i t s  trapping efficiency, 
of a high l i thium doping level to r5move the oxygen t raps  and a high 
i r radiat ion dose to provide sufficient numbers of defects to c r e a t e  cqn- 
ditions which are suitable for the formation of the large c r a t e r  producing 
defect c lus te rs .  
It is 
Thus i t  requi res  a combination 
The average  defect density for  the lithium doped (lo1' a toms /cm3  ) 
n /cm2  ) sample was 1. 75 x 10' defec ts /cm2 and the and i r rad ia ted  
average  s i z e  was 1.65 x l o 3  A .  
respectively,  fo r  comparison with the float zone mater ia l .  
These  values a r e  plotted on Figures  9 and 10 
It can be seen  that the c r a t e r  defect density in  the pulled mater ia l  
i s  considerably l e s s  than that which was observed in  the float qone 
mater ia l .  However, the average defect diameter  appears  to be about 
-3 1- 
the same.  The low defect density and sma l l  defect s ize  is probably 
the reason why the c ra t e r  defects could not be resolved a t  the lower 
i r radiat ion doses even in the heavily doped mater ia l .  
3. 2 .  2 Annealing Experiments on Crucible Pulled klater ia l  
Due t o  the experimental difficulties mentioned in the previous 
section associated with revealing the defects, the annealing experiments 
were confined to the sample doped with 1017 lithium a toms/cm3 and 
i r radiated with loi3 neutrons!cm2. 
a ture  range 300' to 900'K, no change in defect density o r  s ize  could be 
detected. 
density had dropped to zero.  
I t  was observed that over the ternper- 
However, upon annealing t o  1200°K, it was found that the defect 
3 .  3 Effect of Crystal  Orientation 
In the present  s e r i e s  of experiments it was only possible to  obtain 
crystals  which were  sl iced (110) for  the float zone refined mater ia l  and 
(100)  for  the pulled mater ia l .  However, in  the case  of the float zone 
mateyial, it was decided to a t tempt  to measu re  the effect of orientation on 
s t ruc tura l  damage produced simply by orienting the s l ice  a t  different 
angles to  the irradiating source.  It was found, however, that the neutron 
beam produced by the Cockroft- Walton generator cannot be sufficiently 
%ell  directed s o  as to be selective with one particular direction. 
main problem appeared to be associated with the fact  that a large amount 
of radiation i s  scat tered indiscriminately f r o m  the walls of the i r radiat ion 
cave. Therefore,  under the present  experimental  conditions, no effect 
of orientation was observed. 
The 
4. SUMMARY AND CONCLUSIONS 
1. There was found to be some evidence that, a t  the lithium doping 
levels considered in the present experiments,  some metall ic lithium 
exists in the lattice in the f o r m  of a fine precipitate.. 
-32 - 
2.  C r a t e r  like defects;  revealed by sur face  replications,  were  
observed in  the i r rad ia ted  specimens.  
in s i ze  f r o m  about 1500 
dose and lithium dopant content. 
i r radiated a t  the lowest dose,  the c r a t e r s  were  found to be s imi l a r  
These  were  found to range 
to 15, 000 w depending upon the i r radiat ion 
With the exception of those samples  
in  s i ze  and appearance to  those observed by Bertolott i  (19-22)  and 
were  found to have charac te r i s t ics  s imi la r  to those predicted by the 
theory of Gossick (7) ;  i. e . ,  the c r a t e r s  appear  to be associated with 
the space charge region which surrounds a c lus te r  of i r radiat ion 
induced defects which a r e  most  probably latt ice defects.  
3 .  The c r a t e r  defect density was found to inc rease  and increasing 
l i thium doping level, f r o m  about 6 .  5 x 10" defects/crn2 for  no 
lithium and a dose of lo1' neu t rons /cm2 to 7. 8 x 10' defects /cm" 
for  1017 lithium atorns/cm3 and a dose of 1013 neutrons/cm". 
4. The c r a t e r  diameter  was found to decrease  with increasing i r radiat ion 
dose and increasing lithium dopant, f rom about 1500 d in  the undoped 
ma te r i a l  b t  a dose of 1O1O neutrons/cm'  to aboul' 1500 d fo r  10I7 
l i thium a toms /cm3 a n d  a dose of 1 013 neutrons /cm2. 
5. The total  defect volume, for  a constant i r radiat ion dose appears  
to be constant. The presence of lithium a toms o r  precipitates causes  
an  increase  in the defect density a n d  a reduction in  the average  defect 
s ize .  
6. No annealing of the c r a t e r  defect s t ruc tures  was observed i n  the 
tempera ture  range 300' t o  900°K, with the exception of the undoped 
samples  i r rad ia ted  a t  doses of 1O1O and 10l1 neutrons/cm2. In 
these cases  i t  was found that the defect diarneter decreased rapidly, 
and a t  the s a m e  t ime there  was a significant i nc rease  i n  defect 
density. I t  may be concluded that lithium a c t s  a s  a trapping center ,  
and hence, p resents  s i tes  a t  which nucleation of the defect c luster  
can occur.  
-33- 
7. In the pulded mater ia l  some f o r m  of precipitate,  mos t  probably 
an oxide, was observed in the undoped and doped specimens.  This 
could not be identified explicitly. 
8.  In the pulled mater ia l  crater- l ike defects could only be resolved in 
the most  heavily doped lithium a tom/cm")  a n d  i r rad ia ted  
n /cm" ) specimens.  In this case ,  the defect density was 
found to be considerably less  than that which was observed in the 
float zone mater ia l ,  while the average defect diameter was about the 
same. It was concluded that oxygen in  the pulled mater ia l  probably 
i s  a very efficient t r a p  and that it may reac t  with the lithium forming 
an  oxide precipitate.  
and the c ra t e r  producing defect c lus te rs  can then form,  providing 
the i r radiat ion dose is sufficiently high. 
In this condition i t  i s  l e s s  efficient as  a t r a p  
9. No effect of c rys ta l  orientation was found under the present  
experimental conditions. 
5. NEW TECHNOLOGY 
No new technology i s  current ly  being developed or  employed in the 
present program. 
6.  PUBLICATIONS 
"The Observation of Structural  Damage Produced by Neutron 
Irradiation in Lithium Doped Silicon Solar Cells by Transmission Electron 
Microscopy", Submitted to Journal of Applied Physics , 1970. 
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